A review is presented of the literature data concerning the effects induced by carbon nanoparticles on the biological environment and the importance of these effects in human and animal health. The discovery in 1985 of fullerenes, a novel carbon allotrope with a polygonal structure made up solely by 60 carbon atoms, and in 1991 of carbon nanotubes, thin carbon filaments (1-3 m in length and 1-3 nm in diameter) with extraordinary mechanical properties, opened a wide field of activity in carbon research. During the last few years, practical applications of fullerenes as biological as well as pharmacological agents have been investigated. Various fullerene-based compounds were tested for biological activity, including antiviral, antioxidant, and chemiotactic activities. Nanotubes consist of carbon atoms arranged spirally to form concentric cylinders, that are perfect crystals and thinner than graphite whiskers. They are stronger than steel but very flexible and lightweight and transfer heat better than any other known material. These characteristics make them suitable for various potential applications such as super strong cables and tips for scanning probe microscopes, as well as biomedical devices for drug delivery, medical diagnostic, and therapeutic applications. The effects induced by these nanostructures on rat lung tissues, as well as on human skin and human macrophage and keratinocyte cells are presented.
INTRODUCTION
Nanotechnology represents at present the newly emerging and ever growing research field offering great promise for delivering new technologies in a broad number of disciplines such as chemistry, physics, biology, and engineering. It refers to using materials and structures with nanoscale dimensions, ranging from 1 to 100 nanometers (nm), that exhibit novel physical, chemical, and biological properties * Author to whom correspondence should be addressed. due to their size and structure and that are often hailed for their extraordinary electronic, light-emitting, and mechanical properties.
However, proliferation of nanotechnology could also lead to new and unpredictable environmental problems such as new classes of toxic particles and related environmental hazards. At present we have a number of nanotechnology products that are on the market or still in development and close to the market. In the next decade we will have a lot of products that hold great promise for revolutionizing how we manufacture products, communicate with each other and treat diseases but we have a lack of knowledge of the environmental consequences of nanotechnology and we are not able to anticipate unintend consequences of nanotechnology and effects associated with rapid technological change. Nanotechnology, like all technologies, may have unexpected effects that can adversely impact the environment, both within the human body and within the natural ecosystem. While taking advantage of this new technology for health, environmental, and sustainability benefits, science needs to examine the environmental and health implications.
Recently, nanotechnology has received considerable attention from the media. Most of the initial reports have
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Toxicity and Biocompatibility of Carbon Nanoparticles been contradictory; however scientists should not forget that not all nanomaterials will be benign. Therefore it is very important to identify the negative aspects of the technology before we introduce it to the marketplace. The people currently most affected by nanomaterials are the groups that generate and handle the materials that are the people in the workforce and the laboratories. Health scientists need to understand how these materials may impact health in the workplace or the laboratory, how they interact biologically in the body and what the health effects are resulting from toxicity, environmental exposure, and potential exposure routes: whether the material is inhaled, ingested, or absorbed cutaneously. The toxicity of nanomaterials needs to be understood in the framework of the materials characterization. If scientists do not understand the material from a physical and chemical perspective, they cannot interpret exposure or toxicity measurements.
Classification of Carbon Nanoparticles
Nanoparticles fall into three major groups: natural, incidental, and engineered. Naturally occurring nanomaterials such as volcanic ash, ocean spray, mineral composites etc., exist in our environment. Incidental nanoparticles, also referred to as waste particles, are produced as a result of some industrial processes. Engineered nanoparticles are sub classified by the type of basic material and/or use: metals, semiconductors, metal oxides, nanotubes, and quantum dots. Within each category the shapes, sizes, the surface coating of the particles, exposure to UV radiation, and dispersion properties can determine structure and function of these molecules and change the behaviour of the particles towards the biological environment.
Interactions with the Biological Environment
Very little is known about engineered nanoparticles and how they interact with cells or human organisms. One current hypothesis suggests that some engineered nanoparticles may be more toxic than other micron-sized particles of identical chemical composition. Once a molecule is below 100 nanometers it begins to interact with proteins and can result in entirely unintended consequences. Particles below 50 nm can translocate into cells relatively easily and are able to interact with channels, enzymes, and other cellular proteins. By changing the surface coatings the nanomaterial toxicity can almost be completely altered. For example, changing the surface features can change a hydrophobic particle into a hydrophilic one. Furthermore, over a third of the atoms in a nanoparticle are at the surface, and these are extremely reactive systems, which in some cases can generate oxygen radicals. For example, C 60 Fullerenes, if exposed to light, can either make singlet oxygen or be electron donors to make super oxide radicals; super oxide radicals can cause hydroxyl radicals, which can lead to DNA cleavage, oxidative stress and/or an inflammatory response. The redox activity of nanoparticles was confirmed in a recent study by Gurr et al. 1 While coating or covalently modifying the outer surfaces of nanomaterials eliminates the toxicity of most particles, questions remain about whether under environmental conditions; the nanomaterial will still be benign. In a recent study was demonstrated that if surface modified non toxic C 60 fullerenes were irradiated to UVA for 11 min or UVB for 22 min the toxicity returns. 2 Moreover, interactions between cells and nanoparticles are mediated by the surface characteristics of both the material and the target cells. On one hand, proteins, extra-cellular matrix and cell recognition play an important role. On the other hand, the physico-chemical properties of nanoparticles play an important role in inducing inflammatory and/or cytotoxic effects. Inhaled nanoparticles can traslocate from the lung to the blood and reach all target cells of the cardiovascular, hepatic system, and kidney, as well as interact with the pool of immune competent cells. Several cells and receptors on these organs have been found to be sensitive to nanoparticles and nanoparticles can disturb normal cell function and its autocrine or parcrine signalling in various ways. 3 So, while these materials can be safe under laboratory conditions a more reliable or environmentally relevant endpoint is to assess the behaviour of these compounds under environmental conditions.
The discovery in 1985 of C-fullerenes, a novel carbon allotrope with a polygonal structure made up solely by 60 carbon atoms, and in 1991 of carbon nanotubes, thin carbon filaments (1-3 nm in length and 1-3 nm in diameter) with extraordinary mechanical properties, opened a wide field of activity in carbon research. During the last few years practical application of fullerenes as biological as well as pharmacological agents was investigated. Various fullerene-based compounds were tested for biological activity, including antiviral, antioxidant, and chemiotactic activities. 4 Carbon nanotubes, because of their aspect, their high modulus and strength have been considered promising fillers in polymer as well as ceramics and metal-matrix composites as a substitute for carbon fibers. [5] [6] [7] Furthermore, the selective adhesion and enhanced function of osteoblasts as well as the increase in nerve cell functions and the decreased astrocyte adhesion on nanometer diameter carbon fibers and on composites containing carbon nanofibers has been recently demonstrated. [8] [9] [10] [11] Thus, because of these properties, carbon nanofibers are more and more considered a promising material for orthopaedic and dental artificial devices and neural probes. More recently scientists have demonstrated that the strength, flexibility, and near weightlessness of carbon nanotubes allow them to act as ideal scaffolds for the growth of bone tissue. This technique, using chemically functionalized single-walled carbon nanotubes could improve the treatment of broken bones. 10 Furthermore, the use of carbon nanotubes in cancer therapy has been recently hypothesized. A new laser therapy with the help of carbon nanotubes has been developed, that destroys cancer cells but leaves healthy ones unharmed. 12 As a result of the ever growing interest in the development, production, and use of carbon-nanoparticles in a wide range of industrial and scientific fields due to their unique properties, human exposure to them will occur more and more frequently. Because of their extremely light weight carbon nanostructures could become airborne and be easily inhaled by human lungs, mostly in laboratory environments.
ROUTES OF ADMINISTRATION
At present, C-Fullerenes and other carbon nanoparticles can get in contact with the human body from those people handling that nanomaterial in the workplaces or in laboratories by inhalation through the respiratory system and/or by contact with the skin. Particle size determines whether particles are respirable or inhalable. This difference can be critical, as inhaled particles, that are larger, can be trapped, and cleared by the mucociliary system of the bronchial tree, whereas respirable particles, that are smaller, are often more likely to be retained into the small bronchoalveolar spaces and phagocytized by alveolar macrophages. Normal clearance in the lung is performed by phagocytosis of particles by alveolar macrophages. But this process is effective if the clearance system is not overloaded. It is possible that, if particles cannot be scavenged by alveolar macrophages for elimination, because the system is overloaded, a part of them can enter the lymphatic and circulatory systems to be distributed throughout the body within 24 hours and reach potentially sensitive target organs such as liver, spleen, lungs, bone marrow, lymph nodes, and heart. Furthermore, carbon nanoparticles, once inhaled, can have a potential toxic effect through the access to the central nervous system and the brain via translocation along axons and dendrites of neurons. Recently, inhaled carbon particles have been shown to be transported to the brain through the olfactory nerve that has its terminations in the nasal mucosa. 13 In an animal study it has been shown how fullerenes are absorbed, distributed and excreted by the body after oral as well as after intravenous administration.
14 After oral administration, 98% of fullerenes are eliminated within 48 hours via feces and urines. The 2% that is not excreted is found throughout the rest of the body. Intravenous dosing is rapidly transported to the liver (73-92%), the spleen (up to 2%), lung (up to 5%), kidney (up to 3%), heart (∼1%), and the brain (∼0.84%) within 3 hours. After 1 week 90% of intravenously administered fullerenes are still in the body.
TOXICITY OF CARBON-NANOPARTICLES
Determining toxicity of C-nanoparticles is quite complicated. The surface coating, the presence of metal catalysts and/or graphite, the exposure to UV radiation, the dispersion properties, the tendency to deposit as aggregates, due to high Van der Waals forces, influence greatly the behaviour of these particles. Furthermore, species differences complicate research because some species, such as rats, are more sensitive to particles, making it difficult to extrapolate the results to humans.
TOXICITY OF CARBON NANOTUBES
At present, while the results of the investigations on the toxicity and biocompatibility of C 60 -fullerenes have shown that these C-nanostructures, if not chemically modified or functionalized, are quite biocompatible and not toxic against animal and human cells, [15] [16] [17] [18] [19] [20] those concerning carbon nanotubes toxicity and biocompatibility are contradictory and still inconclusive. [21] [22] [23] [24] [25] [26] [27] [28] Huczko et al. 21 showed that a single intratracheal instillation of CNTs containing soot did not change pulmonary function and did not induce any measurable inflammation in bronchoalveolar space in exposed guinea pigs. Warheit 22 observed that, in rat instilled with SWNTs, the exposure to high doses (5 mg/kg) produced mortality in ∼15% of instilled rats within 24 hours post instillation. This mortality resulted from mechanical blockage of the upper airways by the instillate and was not due to inherent pulmonary toxicity of the instilled SWNTs particulate. The lung histophatology study showed a non-dose-dependent series of multifocal granulomas non uniform in distribution and not progressive beyond 1 month post-exposure. On the contrary Lam and colleagues 23 reported that CNTs intratracheally instilled in mice induced dose-dependent granulomas in the lungs and interstitial inflammation after 7 days from instillation. These lesions persisted and were more pronounced after 90 days. The lungs of some animals also revealed peribronchial inflammation and necrosis that were extended to the alveolar septa. The lungs of mice treated with carbon black were normal, whereas those treated with high-dose quartz revealed mild to moderate inflammation. A study performed in human volunteers and in animals in order to assess the skin sensitivity to CNTs showed that soot containing a high content of CNTs did not induce any skin irritation in forty people subjected to a dermatological testing, or eyes irritation in rabbits instilled with the soot. 24 Shvedova et al. 25 investigated adverse effects of SWCNTs using a cell culture of immortalized human epidermal keratinocytes. After 18 hours of exposure they observed formation of free radicals, accumulation of peroxidative products, antioxidant depletion, and loss of cell viability as well as ultra structural and morphological changes in cultured skin cells. Concerning the effects induced on human cells, it has been also recently observed that SWNTs when highly purified and containing only traces of metal catalysts and graphite are less cytotoxic against human macrophage cells than SWNTs not purified. 26 Furthermore, Daxiang 
TOXICITY OF FULLERENES
Most of the studies performed on the toxicity of C60-Fullerenes demonstrated that these molecules are not cytotoxic towards human and animal cells in vitro and their acute toxicity against animal tissues in vivo is quite low. But, it is actually not known if the chronic exposure to these nanoparticles could affect, at some extent, the biological environment in which they could be retained for years. Yamago et al. 14 showed that water soluble C60-fullerenes administered orally to rats were distributed rapidly to various tissues and most of the material was retained in the body after one week and was also able to penetrate the blood-brain barrier. Acute toxicity was found to be quite low but no additional data were given about chronic toxicity. Moussa et al. 15 16 showed that C60-Fullerenes did not influence cultured human leukocytes and did not stimulate the secretion of inflammatory molecules by these cells in vitro. Baierl et al. 17 observed that C 60 -Fullerenes incubated with alveolar macrophages and macrophage-like cells were not cytotoxic and had no or very little influence on the formation of reactive oxygen species (ROS). More recently C60-Fullerenes and their derivatives were shown to inhibit Nitric Oxide (NO) production, a key molecule capable of generating inflammation, by all three nitric oxide synthase isoforms. 18 19 Huczko et al. 29 showed that water suspended C 60 -Fullerenes did not induce any skin irritation when applied in dermatological testing of skin sensitivity. Surface modifications and chemistry can change the behaviour of these molecules and make them become cytotoxic. Recently it has been demonstrated that the cytotoxicity induced by C 60 fullerenes is mainly due to the surface modifications of these molecules either by irradiation or by derivatization or functionalization. Rancan et al. 2 reported that fullerenes derivatives become toxic only when irradiated with UVA or UVB light and that the cell death is mainly caused by cell membrane damage and is UV-dose dependent. Sayes et al. 20 observed that watersoluble C 60 Fullerenes aggregates are cytotoxic to human dermal fibroblasts, human liver carcinoma cells, and neuronal human astrocytes. They disrupt the normal cellular function through lipid peroxidation. Their cytotoxicity is a function of surface derivatization. They can generate superoxide anions that can be responsible for membrane damage and subsequent cell death. So, based on these studies, it seems likely that only modified fullerenes could be cytotoxic.
EXPERIMENTAL DETAILS
We aimed to assess the ability of pure SingleWalled-Carbon-Nanotubes (SWNTs) and C 60 -fullerenes to elicite an inflammatory response by murine and human macrophage cells in vitro and to be cytotoxic against these cells. Moreover, in order to determine if the behaviour of these carbon nanoparticles towards the biological environment could be due, at least in part, to graphite, one of the main components of C-nanomaterial preparations, we compared their effects with those induced on the same cells by graphite particles. Macrophages, also known as antigen presenting cells, are the primary and most important cells of the immune system that react against all foreign body materials. When these cells get in contact with material particles or pathogens, they become activated and, after having phagocytosed particles, secrete a lot of chemical mediators of inflammation, very aggressive against either the host tissues and the foreign molecules or particles. Nitric Oxide (NO) is one of these molecules and it is regarded as a key marker of activation-inflammation of these cells. 30 31 We evaluated the release of NO by murine macrophages stimulated in vitro by C 60 -fullerenes and C-SWNTs and assessed the potential of these carbon nanoparticles to elicit an inflammatory response by human macrophage cells in vitro and to be cytotoxic against these cells. The following carbon nanoparticles preparations were studied: (a) Highly pure SWNTs (containing only traces of graphite, nickel, and cobalt, less than 2% weight) produced by the Chemical Vapour Deposition technique. (CVD) (Fig. 1) ; (b) SWNTs produced by the electric arc technique; (c) SWNTs, produced by the electric arc technique, cut, and open; (d) C 60 -fullerenes synthesized by the electric arc technique using pure graphite rods and 160 mbar He and purified by chromatography. The degree of purity of SWNTs was evaluated by X-Ray Diffractography (Figs. 2(a), 2(b) ). As references we used: (1) Synthetic highly purified graphite particles (diameter = 1 m) (Sigma-Aldrich, Gillingham, Dorset, UK). Carbon particles were sterilized at 200 C for two hours, suspended in RPMI and the suspension was sonicated for 10 hrs and then added to the cell cultures plates. We investigated: 26 32 (1) The Nitric Oxide (NO) production in murine macrophage cell culture supernatants after the cells were challenged by C-Fullerenes and pure SWNTs; (2) the uptake of the above mentioned C-nanostructures by human monocytes-derived-macrophages (MDMs); (3) the cytotoxicity of these carbon nanoparticles versus human MDMs. As controls we treated MDMs cultures with synthetic highly purified graphite particles. We detected the amounts of NO in the supernatants of murine macrophage cell line (J 774) cultures challenged with C-Fullerenes and C-SWNTs. Murine macrophage cells (J 774 cell line) were cultured in RPMI 1640 culture medium supplemented with 5% inactivated foetal calf serum, 1% L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin. Cells were allowed to adhere (3 × 10 5 /ml) in a 24 wells plate and incubated at 37 C and 5% CO 2 . Cells were stimulated with LPS, before adding C-nanomaterials to the cell culture plates. Carbon nanoparticles were then added to cell cultures and the supernatants were analysed for NO concentration after 24 hrs, 48 hrs, and 72 hrs of incubation with cells by measuring the nitrites concentration. Nitrites determination was measured by a colorimetric method using the Griess reaction. The uptake by human MDMs of different preparations of carbon nanoparticles was investigated by using Confocal Laser Scanning Microscopy (CLSM). The phagocytic activity was quantitatively estimated by measuring the accumulation of carbon nanoparticles inside the macrophages. The analysis was carried out on cells fixed with paraformaldehyde and counter-stained with 1 g/ml propidium iodide (Sigma) by the confocal laser scanning microscope LEICA TCS 4D (Leach Instruments, Heidelberg, Germany) supplemented with an Argon/Krypton laser and equipped with 40 × 1 00−0 5 and 100 × 1 3−0 6 oil-immersion lenses. The excitation/ emission wavelengths employed were 568 nm/590 nm for propidium iodide labelling respectively, while the carbon nanoparticles were visualized recording the deflection of the laser beam. To avoid signals deriving from carbon nanoparticles adhering on the cell surface, few confocal sections were taken only inside cells at intervals of 0.5 m. The acquisitions were recorded, and combined images of the two signals were obtained.
The membrane morphological changes, that are the expression of the stimulatory-inflammatory potential induced by carbon nanoparticles treatment in MDMs cultures, were observed by Scanning Electron Microscopy (SEM). In addition, the cytotoxicity of the different preparations of carbon nanoparticles on MDMs cultures was evaluated: (1) By observing with the Confocal Laser Scanner Microscopy the nuclear morphology and counting the number of apoptotic/necrotic cells stained with propidium iodide; (2) by a two-color fluorescence cell viability assay that distinguishes metabolically active cells from injured cells and dead cells (Live/Dead Cell Vitality Assay, Molecular Probes, Eugene, OR, USA); (3) by the MTT cytotoxicity test, based on the transformation of tetrazolium salts into formezan by live and not injured cells.
RESULTS
We observed that the release of Nitric Oxide by murine macrophages was the same both when the cells were specifically stimulated by LPS and when the cells, previously stimulated by the positive control LPS, were challenged with Fullerenes, and pure SWNTs (Figs. 3a, 3b) . So the macrophage stimulation induced by these carbon nanoparticles can be considered specific. On the contrary, when different concentrations of graphite particles (15, 30 , and 60 g/ml) were added to the cell cultures previously stimulated with LPS, it was observed that the NO production by murine macrophages was significantly higher than that induced by LPS alone (Fig. 3c) . Regarding the uptake by human macrophage cells, we observed that all the carbon nanoparticles tested were phagocytized by
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Toxicity and Biocompatibility of Carbon Nanoparticles human macrophage at almost the same extent (Fig. 4) . Regarding the cytotoxicity of these carbon nanoparticles, the first cytotoxicity test (Fig. 4) , that evaluated the number of apoptotic/necrotic cells stained with propidium iodide observed with Confocal Laser Scanner Microscopy (CLSM), showed that the cytotoxic potential of highly purified SWNTs was low and very similar to that observed for fullerenes (about 4% and 2% apoptotic/necrotic cells after 48 h treatment, respectively) and markedly lower than that induced by SWNTs cut and open, SWNTs not open and graphite treatment (about 25% after 48 h treatment). The second cytotoxicity test, that evaluated the percentage of the live/dead cells analysed under fluorescent microscopy ( Fig. 5 ), showed that highly pure SWNTs, not pure SWNTs, and Fullerenes induced cell death in a statistically significant lower percentage of cells (∼15-20%) compared to SWNTs cut and opened and graphite (∼30%) (p = 0 005).
The third cytotoxicity test (MTT) showed that C-fullerenes as well as SWNTs preparations affected at a statistically significant lower extent the metabolic activity of the cell membranes (∼10-15%) than graphite (∼25%) (Fig. 6) .
Finally, we observed that both pure SWNTs and C60-fullerenes induced only a partial but not complete cell activation, on the contrary SWNTs cut and open, SWNTs not open and graphite were able to activate macrophages at higher level at short time of treatment and, with the ongoing of time culture, induced an extensive cell damage with the appearance of numerous apoptotic and necrotic cells (Figs. 7, 8 ). Our data, showing that C60-fullerenes, very highly purified carbon nanostructures, induce apoptosis and cell death in a smaller percentage of cells compared to graphite particles, and do not activate macrophage cells, suggest that these C-nanostructures are not able to elicite a reactiveinflammatory response by human cells in vitro and are not cytotoxic. These findings are in agreement with previously reported data showing that C-fullerenes are quite biologically inert towards both animal and human cells and do not have a severe inflammatory potential against mammalian cells.
15-17 29 Furthermore we observed that also C-SWNTs, when very highly purified, did not induce damage and death of human macrophage cells and activated the cell membranes at a very low extent compared to that induced by graphite particles and SWNTs not purified and cut and open. On the contrary, graphite particles induced in a very high percentage of human macrophage cells morphological changes consistent with severe cell damage and death. Thus it seems likely those SWNTs, when very highly purified and not containing graphite particles could have a less inflammatory potential towards human macrophages. This hypothesis is supported by the finding of a lack of stimulatory effect induced by C 60 -fullerenes on cell activation. These C-particles, in fact, have a high degree of purity ( 99%) compared to carbon nanotubes. These data, showing that C 60 -fullerenes, as well as pure SWNTs, induce apoptosis, cell death and metabolic alterations in a smaller percentage of cells as compared to both graphite particles and not pure and open SWNTs, and activate macrophage cells at a lesser extent than not pure particles, suggest that carbon nanotubes, when purified and not containing graphite and catalysts, do not stimulate a reactive-inflammatory response by human cells in vitro and are less cytotoxic towards these cells.
DISCUSSION AND CONCLUSIONS
This review shows that the results of the experiments performed up to date on the toxicity of carbon nanoparticles are still not univocal and need to be viewed as the basis for future investigations. Some emerging concepts of nanotoxicology can be identified from these data. Toxicity of carbon nanoparticles depends on several different factors such as their size, their shape, the surface characteristics, and the amount of the substances present in the particles preparations. Based on our results, we hypothesize that the lower inflammatory potential of pure SWNTs and Fullerenes as compared to graphite particles and not pure and cut-opened SWNTs towards mononuclear cells in vitro could be explained by the low amount of catalysts and graphite into the C-particles preparations tested. The higher inflammatory potential of graphite particles and not pure and open SWNTs may be due to the presence of a lot of dangling carbon bonds on their surface that are highly chemically reactive. Furthermore, we can speculate that the inflammatory effects on the murine airway cells, observed in some of the experiments reported in these review, could be consistent with the presence of graphite particles and/or metals into the carbon nanotubes preparations tested. Anyway, this hypothesis need to be confirmed and a more detailed physico-chemical characterization of these C-nanomaterials must be assessed in order to evaluate quantitatively and qualitatively the chemical reactive sites existing on their surface. Thus we believe that, at present, speculating about carbon nanoparticles toxicity is still inconclusive. Before any investigation being performed and conclusions about their biocompatibility drawn, we need to know how the particles have been synthesized and dispersed, in which amount metal catalysts and graphite are present in the preparation, their surface modifications and functionalization, their surface chemistry (coating) and chemically reactive sites (free radicals). Additional considerations for assessing safety of carbon nanoparticles include a careful selection of appropriate doses/concentrations related to the cell types and tissue species.
The toxicity of C-nanomaterials needs to be understood in the framework of the material characterization. If scientists do not understand the material from a physical and chemical perspective, they cannot interpret exposure or toxicity measurements.
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An interdisciplinary team approach is imperative for nanotoxicology research to reach an appropriate risk assessment in terms of toxicity of C-nanoderivatives to the biological environment.
